31P nuclear magnetic resonance spectroscopy was used to measure intracellular pH in living tissues. Oxygen deprivation caused fast cytoplasmic acidification from pH 7.4 to 7.0 in shoots of rice, Oryza sativa L. var arborio, a species highly resistant to anoxia. Acidification was complete after 10 minutes of anoxia. Alkalinization of both cytosplasm and vacuole followed thereafter. In the anoxia intolerant wheat shoots, Triticum aestivum L. var MEK, the same treatment caused a sharper cytoplasmic acidification, from pH 7.4 to 6.6, which occurred during a period of 2 hours. Cytoplasmic acidification continued with progress of anoxia and there was no vacuolar alkalinization comparable to the one observed in rice. In wheat oxygen, withdrawal also caused the reduction of both glucose-6-phosphate level and of metabolic rate. It also induced heavy losses of inorganic phosphate from tissues. Conversely, in rice, glucose-6-phosphate level and metabolic rate were increased and inorganic phosphate leakage from tissues was completely absent. These results are discussed in relation to the mechanisms of plant resistance to anoxia.
According to studies on maize root tips, resistance to anoxia resides in the ability of some plants in exploiting the initial, lactate-based cytoplasmic acidification, to stop further lactate production and to activate at the same time alcoholic fermentation (22) . The pH sensitivities of LDH' and PDC are central for such a model (3) , and the function of LDH is confined to the onset of hypoxic conditions only.
However, the situation may be more complex and different, according to the plant or to the plant organ considered. For example, barley aleurone layers remained viable for 4 d in N2 atmosphere and showed a preferential increase in lactate toward ethanol production, with progression of anoxia (8) . Both LDH and ADH were highly induced by an 02 deficit in barley aleurone (8) and root tissues (7) . The induction caused 'Abbreviations: LDH, lactate dehydrogenase; PDC, pyruvate decarboxylase; ADH, alcohol dehydrogenase; ROA, restricted oxygen availabililty; FW, fresh weight; MDP, methylendiphosphonic acid; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; GABA, y-aminobutyric acid; HK, hexokinase; PFK, phosphofructokinase; UDPG, UDP-glucose. the synthesis of new isozymes and lasted for days, suggesting a long-term function for LDH in plants subjected to ROA. In the highly anoxia-tolerant rice shoots, alcoholic fermentation started in the absence of (21) or with limited lactate production (14) . Instead, a prolonged though low succinate production was found (16) .
The response of plants to ROA has been shown to be accompanied by a revolution in the expression of genetic information. In particular, it results in the increase in several glycolytic and fermentative enzyme activities (24) . Apparently, the success of resisting to anoxia is mediated by an increase in carbon flux through glycolytic and fermentative chains. Such an increase may be enhanced by acclimatization of plants through pretreatment in hypoxia (10) .
Anoxia caused acidification of cell sap in shoot tissues of sensitive plants like wheat and barley. In contrast, cell sap alkalinization has been observed in resistant species like rice and Echinochloa crus-galli (14) . Metabolic proton consumption has been indicated as an important device used by plants to counteract or prevent cell sap acidosis (14) . In the present study we evaluated whether and to what extent cytoplasmic acidification was still induced by ROA in a resistant plant like rice in spite of the previously reported alkalinization of cell sap in this species (14, 15) . In addition other relevant metabolic events, distinguishing the responses of a resistant and a sensitive plant to ROA, are reported. An account of this work has been presented (15) .
MATERIALS AND METHODS Tissue Preparation and in vivo 31P NMR Spectroscopy
Three day old etiolated seedlings of rice, Oryza Sativa L. var arborio and wheat, Triticum aestivum L. var MEK, were obtained as previously reported (14) . Tissues (6) . The central glass tube of the airlift system for the upward flow of gas and medium had a diameter of 5 mm. Gases were delivered inside this tube, just above the signal detecting zone at the rate of 5 L h-'. A copper tube, substituted by a glass capillary just below the membrane sealing the NMR tube, was used for gas transport to prevent atmospheric 02 leakage to the tissues. The NMR tube contained 28 mL of the following medium: 5 mM Mes; 0.5 mm CaSO4; 2.5 mm K2SO4; 2% w/v glucose; 3.5 mM glutamine; 2.5 mM arginine; 1.5 mM asparagine, aspartic and glutamic acid, adjusted to pH 6.0 with NaOH. The incubation medium was slowly renewed in the NMR tube during the initial aerobic treatment, but not during anoxia, by a peristaltic pump and an appropriate loop (6) . It can be seen from the results that the glucose supply of the medium inside the NMR tube was adequate to meet the prolonged anaerobic treatments of rice. In control experiments the medium was renwed at the rate of 90 mL h-' also during the anaerobic treatment with a jacketed tube, flushing the interstice with N2 to prevent 02 leakage to the tissues. 3P NMR spectra were recorded at 121.4 MHz on a Varian XL300 spectrometer using fast acquisition conditions ( 11) 
Respiration and Fermentation Experiments
Shoot tissues, 0.3 to 0.4 g, prepared as in the case of NMR experiments, were put in 50 mL Erlenmayer flasks, containing 5 mL of the above described incubation medium. Flasks were sealed with silicone stoppers equipped with two needles, a filter for sterile gas circulation and a 2 mL bottle containing 0.5 mL of 1 N KOH and filter paper for CO2 absorption. Flasks were gassed with 02 or 1% 02 in 99% N2 for 3 min at the rate of 10 L/h. For anaerobic treatments flasks were quickly transferred to an anaerobic chamber and, after 1 h, fluxed with N, for 90 s inside the chamber. Needles were removed from stoppers. At appropriate times tissues were separated from media by filtration, washed with 2 mL of deoxygenated water, sorted from the anoxic chamber and frozen in liquid nitrogen. Media and washings were collected traps, and CO2 collected for further 2 h. During the experiments flasks were slowly agitated by a rotatory shaker and duplicated samples were used throughout.
Determination of Metabolites
Ethanol and lactate were measured enzimatically according to Bergmeyer (1) in the incubation media and in perchloric acid extracts of tissues (16) . CO2 was measured manometrically from aliquots of the trap content after dilution to 1.5 mL with water. Inorganic phosphate was measured in the incubation media and tissue extracts according to Russel (23) . Tissues were mineralized according to the same method for the determination of total phosphorus.
Glucose, fructose, and sucrose were converted before determination to G6P (2). G6P was determined by D-glucose-6-phosphate dehydrogenase according to Bergmeyer (2) . ATP was determined luminometrically by the ATP bioluminescence CLS kit from Boehringer Mannheim.
RESULTS
In Vivo 31P NMR Spectra of Tissues Subjected to ROA Incubation medium was driven through tissues by the airlift system (6) , with the following sequence of gases: 100% 02; 1% 02 plus 99% N2; 100% N2; 100% 02, or with 100% 02 in control experiments. All experimental conditions were identical for rice and wheat, except for the temperature, which was 30°C for rice and 25°C for wheat (14) . Figure 1 shows representative spectra of the two species, chosen at the indicated times during the sequence of gas treatments (Figs. 2 and 3). Ten-minute spectra were collected, with a fast acquisition program optimized for ATP signals (11) . This allowed an acceptable resolution time for the pH changes investigated, still permitting the observation of the energetic status of tissues. ATP signals indicated that rice and wheat tissues were 'healthy' at the beginning of experiments and also after the (Fig. 1 ). During the prolonged N2 treatment of rice and the aerobic controls of rice and wheat, longer spectra were collected.
In the highly resistant rice shoots, 02 withdrawal initially caused opposite changes of pH in the two principal cell compartments (Fig. 2) . The cytoplasmic pH dropped from approximately 7.4 to 7.0 within the first 10 min of hypoxia (Fig. 3, inset) , as indicated by the Pi cytoplasmic signal. Similar results were also indicated by the G6P signal (Fig. 1) . Cytoplasmic pH was then stable for approximately 4 h, and following upon a partial realkalinization occurred. Starting immediately after the hypoxic treatment, vacuolar pH slowly increased from the aerobic value to reach pH 6 after 8 to 10 h. Oxygen readmission restored the initial aerobic situation with opposite pH shifts in the cytoplasm and vacuole. It is to be stressed that, except for the phases of oxygen depletion and restoration, the progress of anoxia induced alkalinization in both the cytoplasm and the vacuole of rice tissues. Controls in continuously oxygenated conditions (Fig. 2) indicated that the changes reported above were caused by ROA and not, for example, by aging tissues. Twenty hours aging of tissues in oxygenated nutrient medium did not alter the response to ROA of rice tissues (Fig. 2) .
In the less resistant wheat, as compared to rice, ROA caused a stronger cytoplasmic acidification (from pH 7.4 to pH 6.6), during the first 2 h (Fig. 3) . This initial sharp acidification phase was followed by a considerably slower one from 2 to 8 h, with pH dropping from 6.6 to 6.5. Further progress of anoxia accelerated again cytyplasmic acidification. Vacuolar alkalinization was not observed in wheat, and 02 readmission promptly restored the aerobic situation after 3 or 6 h but not after 12 h of anoxic treatment. Beyond 6 h ROA caused progressive reduction of signal intensity of the phosphomonoester area and beyond 12 h cytoplasmic Pi signal became unidentifiable (not shown).
Anaerobic treatments longer than 3 h indicted that Pi was leaking from tissues to the incubation medium (see below). In fact, the cytoplasmic Pi signal that was initially increased by ROA (Fig. 1) , decreased, and at the same time the signal corresponding to vacuolar Pi and/or to the Pi in the incubation medium increased (not shown). These phenomena were absent in rice. In order to rule out the possibility that these phenomena could obscure vacuolar alkalinization, in a control experiment tissues were continuously perfused with fresh medium during anoxia (90 mL h-') to prevent Pi accumulation in the medium inside the NMR tube. Also, in this case, no vacuolar alkalinization was observed in wheat (Fig. 3) . The inset in Figure 3 indicates that the time required to equilibrate the medium inside the NMR tube, when 02 content in the gas phase was lowered from 100 to 1%, was 10 (Fig. 1): (a) in both species the signal intensities of the NTP were depressed; (b) the G6P signal was strongly depressed in wheat but not in rice; (c) Pi cytoplasmic signals were strongly increased in both species; (d) the Pi vacuolar signals were broadened and, particularly in rice, reduced in height. Independently from ROA the Pi content of the rice vacuole was notably higher than that of wheat.
Effects of ROA on G6P Levels and Metabolic Rates
The fading of the G6P signal during anoxia in wheat but not in rice was of particular concern, because G6P is an entry point of carbohydrates in the glycolytic chain. Enzymatic determination of G6P in shoot extracts confirmed in vivo NMR spectroscopy observations (Fig. 4, A and B) . Levels of F6P, not shown, were approximately one-tenth of those of G6P and showed a similar trend with anaerobic treatment. Studies wee therefore carried out to determine why the G6P level decreased in wheat upon 02 withdrawal whereas, after the initial drop, it increased in rice. Free sugars and ATP availability were considered as possible factors affecting G6P level. On the other hand, the observed changes in G6P could announce a decreased glycolytic flux in wheat and an increased one in rice.
The results in Figure 3 , C and D, indicate an adequate supply of free sugars in both species even after several hours of anoxia. In wheat, particularly, sugars started to decline only after 6 h while the reduction of G6P started at the beginning of ROA treatment. Changes in ATP levels instead (Table I) , appeared to be in good correlation with the changes of G6P caused by ROA in both species. Starting with very close respiratory activities, ROA caused sharp differences in the metabolic rates of the two species (Fig. 5) . In rice, ethanol production, after the initial 2 h, was almost equal to that of CO2 and close to 50% of the CO2 aerobic production. Lactate production was very low. In contrast, in wheat besides ethanol, a sizeable production of lactate occurred, particularly in the first 2 h of ROA, and CO2 production was considerably higher than that of ethanol during all the experiment. Combined production of lactate plus ethanol amounted to slightly less than 20% ofthe aerobic CO2 production and faded rapidly after 6 h.
Considering that on a molar basis, the output of fermentative ethanol or lactate is one-third of the output of respiratorv C02, the following hexose consumptions can be calculated from Figure 5 : rice, aerobic and from 2 to 8 h of anoxia, 6.5 and 11 hexose mmol g-' FW h-', respectively; wheat, aerobic and from 2 to 6 h of anoxia 6.7 and 3.5 hexose mmol g-' FW h-', respectively. Pi Losses from Tissues Caused by ROA Pi levels were determined by spectrophotometry in tissue extracts and growth media ofthe same experiments performed for the studies of metabolic rates. Figure 6 shows that rice tissues did not leak Pi. Even after 24 h of anoxia Pi losses to the medium were less than 0.2 umol g-' FW. The slight decrease in Pi concentration in rice tissues after 24 h of ROA should be attributed to tissue growth ( 17) . Total phosphorus content of starting aerobic tissues was 28 ± 3 (n = 3) gmol g ' FW. On the contrary, in wheat, ROA caused early leakage of Pi from tissues, with a sharp increase after the initial 4 h. Pi content of tissues remained elevated until 6 to 8 h and then declined sharply. Figure 6 suggests that losses of Pi to the medium were sustained by extensive hydrolysis of cellular organic phosphates. Pi losses from aerobic wheat tisues were less than 0.2 ,umol g-' FW after 8 h of incubation. Total phosphorus content of aerobic wheat tissues was 19 ± 2 ,mol g-' FW.
DISCUSSION
Before considering the results, some of the experimental conditions need to be commented on. A few amino acids ("Materials and Methods") were added to the tissue incubation media in all experiments, because it has been shown that amino acids are translocated, along with other nutrients, from the rice caryopsis to the embryo during anoxia (17) . In particular, during anoxia arginine, glutamic and aspartic acid and their amides are metabolized in rice (19) and corn (5) roots and in rice and wheat shoots (our unpublished data). Moreover, evidence has been presented that the decarboxylation of glutamate to GABA contributes to resistance to anoxia (14) . Anoxia was preceded by 80 min of hypoxia to mimic the conditions of previous studies (14) and to allow a comparison ofthe results. In addition, the hypoxic pretreatment, although brief, may have improved resistance to anoxia by the studied plants (10) . The employed shoot sections comprised the coleoptiles and the enclosed leaves. The latter organs have been shown to be more sensitive to anoxia, particularly in wheat (14) .
In the ROA sensitive wheat shoots, cytoplasmic acidification was stronger than in the highly resistant rice shoots, (A pH equal to -0.8 and -0.4 units, respectively), in agreement with previous findings on plant root tips (22) . In addition, the differences in the patterns of cytoplasmic acidification in rice and wheat shoots were also important. In rice, cytoplasmic acidification was a very fast and early process ( Fig. 2 and inset of Fig. 1 ). It was essentially complete 10 min after the start of the hypoxic treatment, when 02 level in the medium had just reached the equilibrium with the gas phase at 1% 02. No further decrease was found when 02 content was lowered to zero. Peculiar to rice, and never observed before, it was found that after the initial cytoplasmic acidification, alkalinization occurred both in the cytoplasm and in the vacuole of rice (Fig. 2) . This result is in perfect agreement with the previous observation of cells sap alkalinization and with the data indicating that proton consumption is higher than proton production in 02-deprived rice tissues (14) . In rice the initial cytoplasmic acidification appears to be too fast and strong to be accounted for solely by carboxylic acid production. In fact, lactate production was low throughout anoxia ( 14) (Fig. 5) and an initial burst of lactate production, as reported for maize root tips (22) , has been excluded (21) . The production of succinic acid, besides being low, was balanced by the proton-consuming accumulation of GABA as previously reported (14) . Other events, for example, an initially net hydrolysis of high energy phosphates (9), may have contributed to the observed cytoplasmic acidification in rice. At variance with rice, cytoplasmic acidification caused by ROA in wheat was never completely blocked or reversed. Vacuolar alkalinization, was never detected in wheat. Although we cannot rule out the presence of vauolar alkalinization in this species too, it is clear that it has to be far less pronounced than in rice. This is in agreement with previous observations of cell sap acidification in wheat (14) . In this species, cytoplasmic acidification would be expected to be faster than in rice, because of the far higher lactate production (14) (Fig. 5) . Instead, the results were opposite (inset of Fig.  3 ). This can be explained only in part by the proton-consuming accumulation of GABA (14) , suggesting that also in wheat other events may operate in the control of cytoplasmic pH (see below).
It has been observed that plant cells can sustain large variations in their vacuolar pH (12) . At present it is not clear whether having a more alkaline vacuole is per se an advantage of rice in coping with ROA, or whether it is just a consequence of the proton consumption directed to the homeostasis of cytoplasmic pH. The question deserves further investigation. The time of tissue death in wheat was not stated more precisely because of the presence of two tissues with different resistance to ROA (14) .
Besides chemical shifts, ROA affected also the intensity and shape of Pi signals in both species. Particularly in rice the vocuolar signal was broadened and shortened. To this regard, it has been reported (12) that vacuolar signals are broad because they reflect a broad dispersion of vacuolar pH values of individual cells, around a definite mean value, corresponding to a definite physiological situation. Possibly ROA accentuated the dispersion of vacuolar pH in the cell population of tissues. The signal of cytoplasmic inorganic phosphate increased during ROA in both species (Fig. 1) . The accumulation of Pi in the cytoplasm was followed by Pi leakage to the medium from wheat but not from rice cells, as reported in Figure 6 . The behavior of rice was identical in this regard to the one of Saccharomyces cerevisiae (4), another organism highly tolerant to ROA. The continous Pi leakage from wheat tissues intead, may be another determinant of cell death during ROA, besides cytoplasmic acidification. After 6 h, when tissues were still able to recover from ROA, Pi losses from wheat were close to 20% of the initial total content of phosphorus (see "Results") and were comparable to the total initial Pi content of cells. This result can be explained only if it is admitted that the progressive Pi losses must have been preceded by hydrolysis of cellular organic phosphates. The hydrolysis of phosphate esters and anhydrides may lead to proton production (9) or consumption (18) , depending on the nature of the hydrolyzed bond and on the pH of the medium. Accordingly, there is the possibility that proton consumption by the hydrolysis of phosphoesters (18) is involved in the slowing down of the cytoplasmic acidification process in wheat, as discussed before.
The high and low tolerance to ROA of rice and wheat, respectively, were also clearly reflected in the changes induced by ROA in G6P level and metabolic rates. Both species had adequate supply of free sugars during ROA (Fig. 4, C and D) . G6P levels seemed to be clearly influenced by the availability of ATP which was more reduced in wheat with respect to rice. However, in rice, after 8 h of anoxia, while the ATP level decreased to 50% of the aerobic value (Table I) , the G6P level increased (Fig. 4A) . This may suggest that other factors, in particular the activity of HK, may contribute to the regulation of the G6P level. In rice roots, for example, the activity of HK was increased by ROA, whereas that of PFK, the normal pacemaker of glycolysis, was decreased (20) . The role of HK in the response of plants to ROA is, at present, under investigation. Whatever are the factors controlling G6P levels, these were in good agreement with the metabolic rates found in the two species. After the initial 2 h of ROA (during which a residual respiration was still present), the hexose fermented in rice increased to 170% of the amount initially respired in air. Conversely, in wheat, hexose fermented from 2 to 6 h of ROA was reduced to 50% of the amount respired in air. Accordingly, ATP production was three times lower in wheat than in rice, a clear disadvantage in tolerating ROA. Besides the quantitative differences, the fermentation system of rice and wheat showed qualitative differences too. While rice fermentation was essentially alcoholic (Fig. 5 ) the one of wheat had an import lactate component particularly at the beginning of the 02-deprivation period, and the production of CO2 was considerably higher than that of ethanol. The situation in wheat resembled only in part the one observed in maize root tips (22) . Lactate production was quantitatively more important, lasted longer, and was temporally less clearly separated from the alcoholic component. The production of C02, in excess to that of ethanol, may be due, at least in part, to amino acid decarboxylation (14) . To conclude, it may be observed that, as in the case of maize root tips (22) , in rice and wheat shoots tolerance to ROA was inversely correlated with the extent of cytoplasmic acidification. The mechanisms of regulation of cytoplasmic pH, however, appear more complex, involving other events besides carboxylic acid production. Also, efficient alcoholic fermentation (Fig. 5 ) occurred in rice shoots in spite of a cytoplasmic acidification considerably lower than that found in maize root tips (22) . Aerobic hexose glycolytic flux was increased in rice but decreased in wheat by ROA, in clear correlation with the tolerance to ROA of the two species. The leakage of Pi from cells was directly correlated with intolerance to ROA. Finally, from a practical point of view, the changes in the levels of G6P and Pi leakage from cells may represent useful indices of plant resistance to ROA in addition to the previously reported lactate to succinate ratio and changes of cell sap pH (14) . 
